cAMP is a central second messenger that broadly regulates cell function and can underpin pathophysiology. In chronic obstructive pulmonary disease, a lung disease primarily provoked by cigarette smoke (CS), the activation of cAMP-dependent pathways, via inhibition of hydrolyzing PDEs, is a major therapeutic strategy. Mechanisms that disrupt cAMP signalling in airway cells, in particular regulation of endogenous PDEs, are poorly understood.
Introduction
The ubiquitous second messenger cAMP plays a key role in the signalling cascades that control a wide range of physiological and pathophysiological processes in the lung. Spatial and temporal localisation of intracellular cAMP concentrations are determined by the balance between generation by adenylyl cyclases and degradation by phosphodiesterases (PDEs). At least two members of the PDE family, PDE3 and PDE4, are pharmaco-therapeutic targets for obstructive lung disease (Fan Chung, 2006) as they are highly expressed in airway smooth muscle and in airway epithelial cells (Rabe et al., 1993; Dent et al., 1998) .
Cigarette smoke (CS) exposure is the principal risk factor for chronic obstructive pulmonary disease (COPD), which is characterized by progressive airflow limitation that is not fully reversible. COPD is associated with alterations in airway smooth muscle and epithelial cell function, a process paralleled by changes in activity and/or expression of cAMP signalling pathway effectors (Barnes, 2000; Qaseem et al., 2011) . Though CS can reportedly reduce cAMP in association with activation of PDE4 in cultured human bronchial epithelial cells (Milara et al., 2014 (Milara et al., , 2012 Schmid et al., 2015) , the full repertoire of mechanisms that modulate cAMP in response to CS in multi-cellular airway are not known.
Roflumilast-n-oxide, an orally administered selective PDE4 inhibitor, is approved by the FDA and EMEA as a maintenance treatment for patients with severe COPD associated with bronchitis and a history of frequent exacerbations, as an add-on to standard treatment (Abbott-Banner and Page, 2014) . However, oral PDE4 inhibitors have a limited therapeutic compliance, being associated with gastrointestinal side effects that are prohibitive for their development and have limited their wide use (Abbott-Banner and Page, 2014) . Compared to oral PDE4 inhibitors, inhaled dual PDE3/4 inhibitors are attracting considerably more interest for therapeutic use as they are more effective and well tolerated in COPD patients (Calzetta et al., 2013; Franciosi et al., 2013) . Whether the efficacy of these inhibitors is linked to pathophysiological changes in PDE3 and PDE4 caused by CS exposure has not been investigated.
To elucidate the effects of CS on airway-specific regulation of cAMP and associated signalling, we used a novel experimental system, combining precision cut lung slices (PCLS) that mimic the airway micro-environment with Förster resonance energy transfer (FRET) that allows real-time monitoring of cAMP in intact cells and tissues (Zaccolo and Pozzan, 2002; Sprenger and Nikolaev, 2013) . We obtained PCLS from Epac1-camps mice that express the cAMP FRET biosensor and monitored real-time cAMP changes in response to CS in vivo and ex vivo. Human airway smooth muscle cells (HASM) and human epithelial cells (16HBE 14o À ) exposed to CS served as in vitro models to assess the response to CS. To correlate cAMP changes with physiological responses, ciliary beating frequency (CBF) and airway smooth muscle tone in ex vivo PCLS exposed to CS extract were studied. We found that CS exposure in mouse tissue decreased airway cAMP levels by increasing the expression and activity of PDE3 and PDE4, thus diminishing the therapeutic efficacy of β 2 -adrenoreceptor agonists. CS exposure modulates the PDE profile in a manner dependent on cell type, revealing differential regulation of PDE3 and PDE4. Inhibition of PDE4 reversed the reduction of CBF induced by exposure to CS extract. Fenoterol, rolipram and cilostamide relaxed airways pre-contracted by methacholine. Only the relaxation induced by cilostamide was significantly increased in ex vivo PCLS exposed to CS extract. Our data offers a basis for more precise therapeutic strategies.
Methods

Transgenic mice
All animal care and experimental procedures complied with the animal protection and welfare guidelines and were approved by the University of Groningen Institutional Animal Care and Use Committee (Groningen, the Netherlands). Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath & Lilley, 2015) . Adult CAG-Epac1-camps FVB/N transgenic mice ubiquitously expressing the cAMP sensor Epac1-camps under the control of a CAG promoter were used to monitor the global cAMP level in lung tissues ( Figure 1 ). The generation of the CAG-Epac1-camps transgenic mice has been described by Calebiro et al. (2009) . Mice were housed conventionally in rooms maintained at a 12-h light/dark cycle and were provided ad libitum access to commercial diet and autoclaved water.
CS in vivo exposure
Adult CAG-Epac1-camps FVB/N transgenic mice (n = 6-8 per group, 18-23 weeks old) were exposed to mainstream smoke of filter-free 3R4F research cigarettes (University of Kentucky, Lexington, USA) for four consecutive days by whole body exposure, as described previously (Kistemaker et al., 2013; Oldenburger et al., 2014) . Each cigarette was smoked without a filter in 5 min at a rate of 5 L·h À1 in a ratio with 60 L·h À1 air using a peristaltic pump (45 rpm) (323 E/D; Watson Marlow, Rotterdam, the Netherlands). CS was directly distributed into a 6-L perspex box. On day 1, mice were exposed to the smoke of one cigarette in the morning and three cigarettes in the afternoon. On days 2, 3 and 4, mice were exposed to the smoke of five cigarettes in the morning and five cigarettes in the afternoon. Control animals were handled in the same way but exposed to fresh air instead of CS. Sixteen hours after the last CS exposure, all animals were killed on day 5 by CO 2 , after which PCLS were prepared.
on the specimen holder. 2) in a humidified atmosphere at 37°C. In order to remove the agarose, the incubation medium was replaced every 30 min for 2 h.
FRET measurements
FRET measurements were performed using the method described by Börner et al. (2011) , with minor modifications (Sprenger et al., 2015) . A lung slice was placed in the Attofluor Figure 1 Monitoring cAMP FRET signals using lung slices of CAG-Epac1-camps transgenic mice. (A) An Epac1-based FRET sensor for real-time cAMP detection. This cAMP biosensor consists of CPF and YFP flanking a cyclic nucleotide binding domain (CNBD) from Epac1. Binding of cAMP leads to a conformational change, allowing an increase of CFP and a decrease of YFP fluorescence to be observed. (B) CAG-Epac1-camps transgenic mice express Epac1-camps sensor ubiquitously, under the control of the CAG promoter. Fluorescent image of the superior lung lobe of a transgenic mouse compared with that of a wild type counterpart. Scale bar: 3 mm. (C) Slices of 200 μm thickness were cut using a vibratome. A lung slice was placed in the custom-made image chamber, and 600 μL of FRET buffer was added into the chamber, and a home-made net was used to fix the slice in the chamber in order to reduce airway movement artefacts. The fluorescent images (480 nm: left, 535 nm: right) of intrapulmonary airway are observed under inverted fluorescent microscope (×40). The region of interest is indicated in the white boxes. (D) Representative images showed no significant airway movement after treatment with fenoterol alone or in combination with cilostamide and IBMX. Similar images were observed with rolipram (not shown). Scale bar: 20 μm.
cell chamber (Invitrogen, Landsmeer, Netherlands 
Western blotting
Lung slices were lysed in RIPA buffer, and homogenized protein concentrations were measured by BCA protein assay (Pierce, Thermo Scientific, Landsmeer, Netherlands). Equal amounts of total protein were loaded into 8% SDS-polyacrylamide gel electrophoresis. After transferring to a nitrocellulose membrane, primary antibodies were incubated at 4°C overnight, followed by secondary antibody (anti-mouse, 1:5000 or anti-rabbit, 1:5000) incubation at room temperature for 1 h. Protein bands were developed on film using Western detection ECL-plus kit (PerkinElmer, Waltman, MA). ImageJ software was used for band densitometry analysis.
CS extract preparation
CS extract was prepared as described in a previous report (Poppinga et al., 2015) . 
Exposure to CS extract ex vivo
After 2 h washing, slices were stimulated with medium containing CS extract (final concentration 2.5% , v/v) for 24 h, and the control group was incubated with control medium only.
Measurement of CBF with high-speed digital microscopy
Measurement of CBF mainly followed previously described protocols (Delmotte and Sanderson, 2006; Francis and Lo, 2013) . Briefly, the epithelial layers of lung slices were imaged with digital high-speed imaging technique using a Leica DMI3000B (Leica Microsystems GmbH) inverted fluorescence microscope equipped with an oil immersion 63× objective. An optiMOS camera (Photometrics, Tucson, USA) at 200 frames s-1 was used to capture the images. Video signals were digitized and processed using ImageJ (NIH, USA). Line tool was used to draw a raster line crossing the beating ciliary cells. After a 'reslice' of this line, a wave pattern could be used to measure the number of pixels (one pixel = one movie frame), from which the number of beats per minute (as Hz) can be calculated.
Functional airway contraction and relaxation studies
Functional airway relaxation studies were performed, using slices from the same mouse, on control slices and slices exposed to 2.5% CS extract for 24 h. Methacholine (1 μM) was used to induce about 50% airway narrowing followed by addition of fenoterol (1 μM), cilostamide (10 μM) or rolipram (10 μM) to dilate the airways. A nylon mesh with a hole in the middle and metal washer were used to fix the lung slice, but the airways were still able to contract and relax, as described previously (Chen and Sanderson, 2017) . Lung slice images were captured in time lapse (1 frame per 2 s) using a microscope (Eclipse, TS100, Nikon) equipped with a 4× objective. To quantify airway luminal area, NIS-Elements microscope imaging software 4.5 (Nikon, Amsterdam, Netherlands) was used. Luminal area is expressed as percent basal. To analyse relaxation induced by fenoterol, cilostamide or rolipram, we initially normalized the contractile state of an airway (measured the area after fenoterol/cilostamide/rolipram treatment) to its own initial contraction (measured the area after methacholine) by the formulae: % relaxation = (area fenoterol/cilostamide/ rolipram À area methacholine )/(100 À area methacholine ).
Data and statistical analyiss
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . All data were analysed by Origin Pro 8.5 software (OriginLab Corporation, Northampton, MA) and are expressed as mean ± SEM. In the in vivo CS exposure model, routinely more than six animals were used. In the ex vivo experiments, more than eight independent FRET measurements were made from at least three animals per treatment group. In the in vitro experiments, at least six independent experiments were analysed in each condition. The exact numbers of slices and animals and replicates are shown on the top of bars in the graphs and indicated in the Figure legends . One-way ANOVA was used for simple two groups comparison, whereas for the ex vivo experiments, Student's paired t-test was used to make comparisons between two groups. P < 0.05 was considered statistically significant.
Materials
Fenoterol was purchased from Boehringer Ingelheim (Ingelheim, Germany). Rolipram, cilostamide and BSA were from SigmaAldrich (St-Louis, MO, USA). IBMX was obtained from AppliChem (Darmstadt, Germany). Minimal essential medium, high-glucose Dulbecco's modified Eagle's medium, L-glutamine, fungizone, HEPE's, sodium pyruvate, MEM amino acids, MEM vitamin, gentamicin, penicillin-streptomycin and trypsin were obtained from Gibco Life Technologies (Paisely, UK). FBS was from Thermo Scientific. All other substances were from Sigma-Aldrich. In the present study, the following antibodies were used: anti-PDE3A (antibody kindly provided by Chen Yan, Aab Cardiovascular Research Institute and Department of Microbiology and Immunology, University of Rochester School of Medicine and Dentistry, Rochester, NY, 14642, USA, 1:1000), anti-PDE4A (61-4, 1:1000), anti-PDE4B (113-4, 1:1000), anti-PDE4D (ICOS 4D, 1:2000) and anti-GAPDH (HyTest, 1:10 000). Anti-PDE4A, anti-PDE4B and anti-PDE4D antibodies were kind gifts from Prof. Marco Conti (Department of Obstetrics, Gynecology and Reproductive Sciences, University of California, San Francisco, USA).
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology. org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al., 2018) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al., 2017a,b) .
Results
cAMP FRET measurement on lung slices
We used transgenic mice that ubiquitously express the Epac1-camps cAMP sensor (Calebiro et al., 2009 ) to monitor cytosolic cAMP levels. The cAMP biosensor, termed Epac1-camps (Nikolaev et al., 2004; Nikolaev and Lohse, 2006) , includes the cAMP binding domain of Epac1 flanked by YFP and CFP. Binding of cAMP to the sensor induces a conformational change that results in an energy transfer between the two fluorophores ( Figure 1A) . In Epac1-camps mice, the cAMP biosensor sequence was integrated under the control of the hybrid CMV enhancer/chicken β-actin (CAG) promoter ( Figure 1B ). This supports robust cAMP biosensor expression in the lung, as demonstrated by fluorescent images of one lung lobe using fluorescence stereomicroscopy ( Figure 1B) . In order to explore real-time dynamic changes of cAMP in the airways, we prepared PCLS, which included epithelial and smooth muscle layers, from Epac1-camps transgenic mice, fixed with a home-made nylon net ( Figure 1C) . In Figure 1D , white boxes indicate the region of interest studied in the FRET measurement.
Effect of CS on PDE3 and PDE4 signals in vivo
To address the hypothesis that CS exposure alters cAMP levels in airway cells, we monitored FRET responses in PCLS from mice exposed to CS in vivo (Kistemaker et al., 2013; Oldenburger et al., 2014) . For this purpose, Epac1-camps transgenic mice were exposed to CS for 4 days, then PCLS were prepared (Figure 2A ). We observed that the baseline FRET ratio was significantly lower in PCLS from CS-exposed mice compared to those from air-exposed animals (Figure 2  B) . While calibrations of the FRET baseline are challenging and these results have to take this caveat into account, the data could indicate that CS exposure decreased the intracellular cAMP levels. Thus, we studied the impact of CS on the functional contribution of PDE3 and PDE4 to basal cAMP levels (in the absence of fenoterol), treating PCLS with the selective PDE3 inhibitor, cilostamide, and the PDE4 inhibitor, rolipram ( Figure 2C-G) . Compared to specimens from airexposed mice, in PCLS from CS-exposed mice, we observed a significantly greater increase in cAMP-dependent FRET in response to cilostamide or rolipram treatment ( Figure 2C-G) .
FRET recordings in the presence of the β 2 -adrenoceptor agonist, fenoterol, and selective PDE inhibitors were made, comparing PCLS from CS-and air-exposed mice ( Figure 3A) . The fenoterol concentration used was 1 μM (a fenoterol concentration-response curve is shown in Supporting Information Figure S1A ) and IBMX was used to define the maximal response under basal conditions. Additional treatment with did not show further increase of cAMP signals (Supporting Information Figure S1K -L). FRET analysis revealed that, in response to fenoterol, cAMP concentration was significantly lower in PCLS from CS-exposed mice ( Figure 3B-F) . However, inhibition of PDE3 with cilostamide increased cAMP FRET in lung preparations from CS-exposed mice, a response that was significantly greater than a modest response observed in lungs from air-exposed mice ( Figure 3B-C, F) . Similarly, PDE4 inhibition with rolipram resulted in significantly greater cAMP signals in PCLS from CS-exposed mice ( Figure 3D-G) .
Next, we measured mRNA and protein abundance of PDE3A, PDE4A, PDE4B and PDE4D, and mRNA of PDE3B, in PCLS from CS-and air-exposed mice. The specificity of antibodies for the PDEs of interest was verified by studies in knockout mice (Supporting Information Figure S1F-I) . Quantitative real-time PCR revealed PDE4D was the predominant isoform in the lung. We found that CS exposure resulted in a significant increase in PDE4D and PDE4B, but not β 2 -adrenoceptor mRNA ( Figure 4A ) and their protein ( Figure 4D-E) . Interestingly, mRNA of PDE3A and PDE3B and protein abundance of PDE3A were not altered by CS exposure ( Figure 4A-C) . Figure 5A, B) . The fenoterol concentration used in HASM cells was 100 nM (fenoterol concentration-response curve, see Supporting Information Figure S1B ). We next measured the effects of PDE3 and PDE4 inhibition on fenoterolinduced cAMP-dependent FRET responses. Interestingly, with PDE3 inhibition (cilostamide), CS extract exposure was sufficient to significantly increase cAMP-dependent FRET, normalized to maximal and to IBMX-induced FRET responses ( Figure 5C-D) . Although we observed a similar increase cAMP with PDE4 inhibition (rolipram) in HASM exposed to CS extract, this was only evident when normalized as percent IBMX-induced FRET ( Figure 5C-D) . Quantitative real-time PCR further revealed that exposure to CS extract resulted in significantly increased mRNA for PDE3B and PDE4D ( Figure 5E ), and immunoblotting revealed that PDE3A and PDE4D protein abundance was significantly increased in HASM after exposure to CS extract ( Figure 5F -G).
We also used 16HBE 14o À cells transduced with the Epac1-camps cAMP sensor to measure effects of exposure to CS extract . In the absence of fenoterol, after exposure to CS extract, we did observe a significantly increased cAMPdependent FRET in response to PDE4 inhibition, but not to PDE3 inhibition ( Figure 6A, B) . the fenoterol concentration used in 16HBE 14o À cells was 1 nM (fenoterol concentration-response curve, see Supporting Information Figure S1C ). In contrast to HASM, for epithelial cells, we found that pretreatment with CS extract had no effect on the FRET response to PDE3 or PDE4 inhibitors in the presence of fenoterol (Figure 6C-D) . Furthermore, although exposure to CS extract led to accumulation of PDE4D mRNA ( Figure 6 E-G), the mRNA and protein for PDE3 and protein for PDE4 were not altered by such exposure of epithelial cells ( Figure 6E-G) .
Effect of CS extract on PDE3 and PDE4 signals in ex vivo
To further elucidate our findings that exposure to CS directly induces PDE changes in airway structural cells, we next performed studies to assess effects of 24 h exposure to CS extract ex vivo using PCLS from Epac1-camps mice ( Figure 7A) . Notably, the basal cAMP dependent FRET response to cilostamide was significantly increased after this exposure ( Figure 7B , C, F), a finding that is consistent with results using both PCLS from CS-exposed mice ( Figure 2C ) and CS extract challenged HASM cells ( Figure 5A, B) . We also observed a clear increase in PDE4 inhibitorinduced cAMP FRET after exposing PLCS to CS extract ( Figure 7D-F) , an observation that is in line with results from CS-exposed mice and HASM and 6HBE 14o À cells exposed to CS extract ( Figures 2C; 5A , B and 6A, B).
We also explored the contribution of PDE3 and PDE4 to fenoterol-induced cAMP levels and the effects of exposure to CS extract. Consistent with our results using lung preparations from CS-exposed mice ( Figure 3F , G), in PLCS exposed to CS extract and stimulated with fenoterol, only the PDE3 inhibitor cilostamide induced a significant increase Figure 2 CS exposure affects PDE contributions to cAMP hydrolysis under basal conditions in the in vivo model. (A) Experimental design. Mice were exposed to the mainstream smoke of cigarettes for 4 days. Lung slices were prepared for FRET measurements with PDE3 and PDE4 selective inhibitors under basal conditions. β 2 -AR, β 2 -adrenoceptor; AC, adenylyl cyclase. (B) PCLS from smoke-exposed mice showed a decreased baseline FRET ratio compared to those from air-exposed animals, indicating decreased cAMP levels. (C) Quantification of FRET data indicated that clear effects of both PDE3 and PDE4 inhibitors on basal cAMP levels were detected after CS in vivo exposure. Representative FRET traces from slices of air-exposed mice (D, F) or CS-exposed mice (E, G). PDE3 and PDE4 were inhibited by cilostamide (10 μM; D, E) and rolipram (10 μM; F, G) respectively. Number of slices and mice is indicated above the bars. On average n = 19-23 independent slices from six to seven mice. Data are expressed as mean-± SEM. *P < 0.05; significantly different from air. One-way ANOVA was used for simple two groups comparison; IBMX, 100 μM; fenoterol, 1 μM.
Figure 3
CS exposure changes PDE effects after β 2 -adrenoceptor stimulation by fenoterol in the in vivo disease model. (A) Experimental design. Mice were exposed to mainstream smoke of cigarettes for 4 days. PCLS were prepared and used for FRET measurements with PDE3 and PDE4 selective inhibitors after β 2 -adrenoceptor (β 2 -AR) stimulation: AC, adenylyl cyclase. Representative FRET traces from slices of air-exposed mice (B, D) or CS-exposed mice (C, E). After treatment with fenoterol (1 μM), PDE3 and PDE4 were inhibited with 10 μM cilostamide (B, C) or 10 μM rolipram (D, E), respectively, and subsequently, the non-selective PDE inhibitor, IBMX (100 μM), was used to define the maximal FRET response. After CS exposure, quantification of FRET data revealed an increase of both PDE3 and PDE4 contributions to cAMP hydrolysis in the presence of fenoterol. Decrease of fenoterol-induced FRET response was also observed in the CS-exposed group compared with the air-exposed group. Maximal FRET response was considered as the response of fenoterol, cilostamide/rolipram and IBMX. IBMX FRET response was calculated as the response of cilostamide/rolipram and IBMX. Number of slices and mice is indicated above the bars. On average n = 17-39 independent slices from six mice have been used. Data are expressed as mean ± SEM. *P < 0.05; significantly different from air; One-way ANOVA was used for simple two groups comparison.
in total cAMP-dependent FRET ( Figure 8B , C, F), which was even more pronounced when we focused on the relative PDE contribution ( Figure 8G) . Notably, neither fenoterol alone nor PDE4 inhibition with rolipram revealed any difference between cAMP FRET responses in PCLS in control media or after exposure to CS extract( Figure 8D-G) .
Furthermore, we observed that, in PCLS exposed to CS extract, the abundance of both mRNA (PDE4A, PDE4D, β 2 -adrenoceptor) ( Figure 9A ) and protein ( Figure 9D , E) (PDE4D) were increased, as we observed no effects of exposure to CS extract on mRNA or protein levels of PDE3A ( Figure 9A-C) .
Physiological responses of epithelial and ASM layers in ex vivo PCLS
To correlate cAMP changes with physiological responses, we measured CBF, as an indication of epithelial cell function ( Figure 10A, B) and relaxation of methacholine pre-
Figure 4
Effects of CS exposure on gene and protein expression of PDE3 and PDE4 in the in vivo model. (A) Gene expression of PDE3 (PDE3A and PDE3B), PDE4 subfamilies (PDE4A, PDE4B and PDE4D) and β 2 -adrenoceptor) were analysed by real-time quantitative PCR in lung slice lysates. CS increased the gene expressions of both PDE4B and PDE4D. Data presented are from at least seven animals. (B-E) Protein expression of PDE3A and PDE4 subfamilies (PDE4A, PDE4B and PDE4D) was determined by Western blot analysis in lung homogenates. Quantification and representative blots are shown. PDE3A: air n = 6, smoke n = 6; PDE4A, PDE4B and PDE4D: air n = 6, smoke n = 6. Data are expressed as mean ± SEM, *P < 0.05; significantly different from air; One-way ANOVA was used for simple two groups comparison.
Figure 5
CS extract induces PDE3 and PDE4 changes in HASM. HASM cells were incubated with control medium or medium containing CS extract (2.5% v/v; final concentration) for 24 h. FRET data analysis of HASM (A-D) under basal conditions (A, B) and fenoterol stimulated conditions (C, D). Quantification of basal PDE inhibitor responses revealed that both PDE3 and PDE4 were significantly up-regulated by CS extract (A, B). We observed a significant increase of PDE3 contributions induced by CS extract after β 2 -adrenoceptor stimulation, while fenoterol-induced and rolipram-induced FRET responses were not affected (C). In HASM cells, CS extract significantly increased both PDE3 and PDE4 profiles in total PDEs (D). Number of independent experiments is indicated above the bars. (E) Gene expression of PDE3 (PDE3A and PDE3B) and PDE4 subfamilies (PDE4A, PDE4B and PDE4D) was analysed by real-time quantitative PCR in lung slice lysates. CS extract increased the gene expressions of both PDE3B and PDE4D. (F, G) Protein expression of PDE3A and PDE4 subfamilies (PDE4A, PDE4B and PDE4D) were determined by Western blot analysis in lung homogenates. Quantification and representative blots are shown. Data are from nine independent experiments. Data are expressed as mean ± SEM, *P < 0.05; significantly different from control; One-way ANOVA was used for simple two groups comparison. Rolipram, 10 μM; cilostamide, 10 μM; IBMX, 100 μM; fenoterol, 100 nM for HASM cells. . FRET experiments stimulated with fenoterol and different PDE inhibitors showed that after β 2 -adrenoceptor stimulation, none of the different treatments with cilostamide or rolipram was affected by CS extract (C, D). Number of independent experiments is indicated above the bars. (E) Gene expression of PDE3 (PDE3A and PDE3B) and PDE4 subfamilies (PDE4A, PDE4B and PDE4D) was analysed by real-time quantitative PCR in lung slice lysates. CS increased the gene expression PDE4D. (F, G) Protein expression of PDE3A and PDE4 subfamilies (PDE4A, PDE4B and PDE4D) was determined by Western blot analysis in lung homogenates. Quantification and representative blots are shown. Data shown are from six independent experiments. Data are expressed as mean ± SEM, *P < 0.05; significantly different from control. One-way ANOVA was used for simple two groups comparison; Rolipram, 10 μM; cilostamide, 10 μM; IBMX, 100 μM; fenoterol, 1 nM for 16HBE 14o À cells.
contracted airways, as an indication of ASM function ( Figure 10E , F) in ex vivo PCLS exposed to CS extract. As reported earlier (Milara et al., 2012) , CBF was reduced significantly by the CS extract ( Figure 10B ) and the PDE4 inhibitor rolipram (10 μM) fully reversed the reduction of CBF ( Figure 10B ). As illustrated in Figure 10C , methacholine did not significantly alter cAMP levels in both control and CS extract-exposed airways. In addition, methacholine did not Figure 7 CS extract alters PDE contributions to cAMP hydrolysis under basal conditions in the ex vivo model. (A) Experimental design. Lung slices were treated with CS extract ex vivo for 24 h, and PDE3 and PDE4 inhibitor effects were monitored under the basal conditions. β 2 -AR, β 2 -adrenoceptor; AC, adenylyl cyclase. (B, D) Representative FRET traces from slices after 24 h incubation with control medium or (C, E) with medium containing CS extract (2.5% v/v; final concentration). After basal inhibition of PDE3 and PDE4 by using selective inhibitors, cilostamide (B, C) and rolipram (D, E) respectively. (F) Quantification of FRET data demonstrated a significant increase of PDE4 and PDE3 contributions to basal cAMP hydrolysis after treatment with medium containing CS extract (2.5%). Number of slices and mice is indicated above the bars. On average n = 9-14 independent slices from three mice have been used. Data are expressed as mean ± SEM, *P < 0.05; significantly different from control. One-way ANOVA was used for simple two groups comparison; Cilostamide, 10 μM; rolipram, 10 μM; IBMX, 100 μM; fenoterol, 1 μM.
Figure 8
CS extract induces local PDE changes in the presence of fenoterol in the ex vivo model. (A) Experimental design. Lung slices were treated with CS extract ex vivo exposure for 24 h, and PDE3 and PDE4 FRET activities were monitored after β 2 -adrenoceptor stimulation with fenoterol. β 2 -AR, β 2 -adrenoceptor; AC, adenylyl cyclase. (B, D) Representative FRET traces from slices after 24 h incubation with control medium or (C, E) medium containing CS extract (2.5% v/v; final concentration) . After treatment with fenoterol, PDE3 and PDE4 were inhibited with cilostamide (B, C) and rolipram (D, E) respectively. Finally, the non-selective PDE inhibitor IBMX was used to inhibit multiple PDEs. (F, G) Quantification of FRET experiments is shown in B-E. Maximal FRET response was considered as the response of fenoterol, cilostamide/rolipram and IBMX. IBMX FRET response was calculated as the response of cilostamide/rolipram and IBMX. It indicated a significant increase of PDE3 contribution to cAMP hydrolysis after β 2 -adrenoceptor stimulation. No differences could be obtained on the PDE4 level in either maximal FRET response or IBMX-induced FRET change. Number of slices/mice is indicated above the bars. On average n = 9-36 independent slices from three to seven mice have been used. Data are expressed as mean ± SEM, *P < 0.05; significantly different from control; One-way ANOVA was used for simple two groups comparison. Fenoterol, 1 μM; cilostamide, 10 μM; rolipram, 10 μM; IBMX, 100 μM.
affect cAMP FRET responses induced by fenoterol, cilostamie or rolipram ( Figure 10D ). As shown in Figure 10E , methacholine pre-contracted airways were relaxed (although to a different degree) with fenoterol, cilostamide or rolipram in ex vivo PCLS, exposed to both control and CS extract.
However, only the airway relaxation induced by cilostamide was significantly increased after exposure to CS extract, compared with the control group, and no differences were observed for either fenoterol or rolipram treated airways ( Figure 10F ).
Figure 9
CS extract increases, primarily, RNA and protein expression of PDE4 in the ex vivo model. (A) Gene expression of PDE3 isoforms (PDE3A and PDE3B) PDE4 isoforms (PDE4A, PDE4B and PDE4D) and β 2 -AR were analysed by real-time quantitative PCR in lysates of lung slice treatment with or without CS extract for 24 h. PDE4A, PDE4D and β 2 -AR were up-regulated by CS. Data shown are from six animals. (B-E) Protein expression of PDE3A and PDE4 isoforms (PDE4A, PDE4B and PDE4D) were determined by Western blot analysis in lung homogenates. Quantification and representative blots are shown. PDE3A: air n = 4, smoke n = 4; PDE4A, PDE4B and PDE4D: air n = 6, smoke n = 6. Data are expressed as mean ± SEM, *P < 0.05; significantly different from control; paired t-test. was used to induce about 50% airway narrowing followed by addition of fenoterol (1 μM), cilostamide (10 μM) or rolipram (10 μM) to dilate the airways. The percentage relaxation induced by each compound is normalized to its own control contraction (measured after methacholine treatment). Scale bar: 200 μm. (F) Methacholine pre-contracted airways were relaxed (although to a different degree) with fenoterol, cilostamide or rolipram in ex vivo PCLS exposed to both control and CS extract. However, only airway relaxation induced by cilostamide was dramatically (by about 235%) increased after exposure to CS extract. Number of slices and mice is indicated above the bars. On average n = 12-17 independent slices from six mice have been used. Data are expressed as mean ± SEM, *P < 0.05; significantly different from control. One-way ANOVA was used for simple two groups comparison.
Discussion
To evaluate the effect of the most important risk factor for COPD, CS, on regulation of intracellular cAMP in airway cells, we monitored real-time changes in cAMP levels in mouse PLCS and cultured human ASM and epithelial cells. Our work showed that CS caused an increased capacity of PDE3 and PDE4 activity that was likely to explain the alterations of intracellular cAMP levels resulting from CS exposure. Indeed, we demonstrated that CS altered the PDE expression profile, increasing PDE4 mRNA, protein and activity whereas, although the activity of PDE3 was increased, expression of this isoform was not changed by exposure to CS. Furthermore, we showed that exposure to CS extract altered the PDE activity profile in a manner dependent on cell type, with cilostamide-sensitive PDE3 activity primarily increased in human ASM cells, whereas rolipram-sensitive PDE4 activity was increased in both human ASM and 16HBE 14o À cells. Consistent with these findings, inhibition of PDE4 reversed the reduction of CBF induced by exposure to CS extract. In addition, fenoterol, rolipram and cilostamide relaxed airways pre-contracted by methacholine, but only airway relaxation induced by cilostamide was increased in mouse PCLS exposed to CS extract. It is difficult to monitor intracellular cAMP levels and dynamics using standard biochemical techniques. Therefore, biophysical methods, including FRET-based biosensors, have been developed to facilitate real-time measurement. FRET allows the visualization of cAMP fluctuations in living cells with high temporal and spatial resolution (Adams et al., 1991; DiPilato et al., 2004; Nikolaev et al., 2004; Violin et al., 2008; Sprenger et al., 2015) . Although FRET has previously been used to estimate cAMP levels in human airway epithelial cells (Schmid et al., 2006 (Schmid et al., , 2015 , airway smooth muscle cells (Billington and Hall, 2011) and endothelial cells (Yañez-Mó et al., 2008) , real-time monitoring cAMP levels in the lung tissue has not been reported so far. Due to the fact that PCLS retain the complex micro-composition and environment of the airways, they are recognized as a reliable model to study airway responsiveness and drug toxicity (Schlepütz et al., 2012; Oenema et al., 2013; Watson et al., 2015) . In the present study, we report that PCLS from Epac1-camps FRET reporter mice represent a useful model to monitor airway cAMP levels in real-time. Importantly, using PCLS ex vivo, we have revealed that CS extract exposure largely mimics results using lung preparations from live mice preexposed to CS (Figures 2-4, Figures 7-9 ). Our data indicate that the combination between FRET measurements and PCLS offers a unique opportunity to study the airway as a whole structural unit. Intriguingly, we were able to monitor cellular cAMP dynamics with distinct functional responses.
Active cigarette smoking is the most common risk factor in COPD, and it is associated with accelerated decline in FEV 1 (forced expiratory volume in 1 s) and a higher mortality rate in COPD patients (Tamimi et al., 2012) . In animal studies, CS exposure leads to a reduced lung function, emphysema, mucus hypersecretion and induction of proinflammatory processes (Rangasamy et al., 2009; Rinaldi et al., 2012; Oldenburger et al., 2014; Page, 2014; Heulens et al., 2015) . PDE4 inhibitors are currently used for the treatment of COPD, and additional compounds are under development (Page, 2014) . The PDE4 inhibitor roflumilast N-oxide partly reverses CS-induced epithelial dysfunction (Milara et al., 2014 (Milara et al., , 2012 Schmid et al., 2015; Tyrrell et al., 2015) , and the PDE4 inhibitors, GPD-1116 and piclamilast can prevent the development of CS-induced emphysema and pulmonary hypertension in mice (Mori et al., 2008; Seimetz et al., 2015, p. 4) . Zl-n-91, a selective PDE4 inhibitor can also suppress CS-induced lung inflammatory in rats (Wang et al., 2010; Bucher et al., 2016) . The aim of the present study was to investigate whether CS may directly induce changes in PDE expression or activity, thus contributing to lung pathophysiology.
Using an acute CS exposure in vivo and ex vivo exposure models, we demonstrate that CS increased the expression and activity of PDE4. This up-regulation was chiefly associated with increased PDE4D mRNA and protein. Our findings are in line with previous reports that PDE4 is increased in mice that were prenatally exposed to cigarette smoke (Singh et al., 2009 (Singh et al., , p. 5, 2003 . Moreover, in a genome-wide association study, Yoon and co-workers identified a novel single nucleotide polymorphism in the PDE4D gene, rs16878037, which is significantly associated with a risk of COPD (Yoon et al., 2014) . As part of this effort, our new findings point to a key role of PDE4D as a contributor to CS-induced lung diseases. We observed an increase in PDE4A and PDE4B in the CS exposure models, and we thus propose that PDE4 subtypes may be effective drug targets, for example, to improve cilia motility of ciliated cells (Milara et al., 2012) , to inhibit the secretion of proinflammatory cytokines (Jin and Conti, 2002; Ariga et al., 2004; Ma et al., 2014) and to diminish cell proliferation (Selige et al., 2011) . To correlate cAMP changes with physiological responses, we measured CBF, as a marker for epithelial function. We found that inhibition of PDE4 fully reversed CBF down-regulation induced by ex vivo exposure to CS extract ( Figure 10B ), which was in agreement with previous studies (Milara et al., 2012) .
Next to PDE4, PDE3 is the primary PDE in airway smooth muscle cells (Rabe et al., 1993; Page and Spina, 2012) and PDE3 inhibitors induce ASM relaxation in vitro (Rabe et al., 1993; Schmidt et al., 2000) and in vivo (Hirota et al., 2001) . Even though RPL554 is considered as one of the most selective PDE3 inhibitors based on an about 3000× higher IC 50 value for purified human platelet PDE3 compared to neutrophil PDE4 (PDE3: 0.4 nM; PDE4:1479 nM) (Boswell-Smith et al., 2006) , a growing body of evidence suggest that dual inhibition of PDE3 and PDE4, using higher levels of inhibitor (10 μM or 0.018 mg·kg À1 ), can more effectively induce bronchodilation with potential additive effects of suppressing release of inflammatory mediators (Calzetta et al., 2013; Franciosi et al., 2013) . Moreover, dual inhibition of PDE3 and PDE4 sensitized cells to long acting β 2 -adrenoceptor agonists (LABAs) and corticosteroid (ICS)/LABA combinations, in cell-based models (BinMahfouz et al., 2015) , indicating that dual inhibition of PDE3 and PDE4 acted as an add-on effect to LABAs and ICS/LABA combinations, to further enhance their therapeutic benefits (Giembycz and Maurice, 2014) . Here, we demonstrate that PDE3 activity, together with PDE4, is up-regulated by exposure to CS. However, the effect on PDE3 was not associated with accumulation of PDE3 protein. Intriguingly, we also observed that only airway relaxation to cilostamide was increased in ex vivo PCLS exposed to CS extract. Thus, our findings indicate that whereas both PDE3 and PDE4 are involved in CS induced cAMP dynamics, the mechanism(s) for the effects of CS on PDE3 and PDE4 is not completely overlapping. Considering that PDE3 also plays a central role in balancing cGMP/cAMP crosstalk (Murray et al., 2002) , even though our current experimental design do not allow any conclusive statement on the effects of CS on cGMP levels, our data may indicate that CS simultaneously affected the modulatory mechanisms for both cAMP and cGMP.
In summary, our study demonstrated that CS decreased the airway cAMP levels by distinct up-regulation of PDE3 and PDE4, in whole tissue and in airway smooth muscle and epithelial cells. CS-induced changes in cAMP levels by PDE3 and PDE4 may thus contribute to the increased beneficial effect of cAMP. In addition, inhibition of PDE3 and PDE4 exerted benefit on distinct physiological responses of epithelial (CBF) and smooth muscle layers (airway relaxation) in PCLS from mice. Thus, PDE3 and PDE4 represent promising targets for further development of precise and effective therapeutics.
